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FcRy and interleukin-10 (IL-10) are both required for chronic disease in C57BL/6 mice with Leishmania
mexicana parasite infection. FcRvy is a component of several different FcRs and may be a component of some
T-cell receptors. The initial antibody response to L. mexicana is an immunoglobulin G1 (IgG1) response, and
IgG1 preferentially binds to FcyRIII in other systems. To begin to dissect the mechanisms by which FcyRs
contribute to chronic disease, we infected FcyRIII knockout (KO) mice with L. mexicana. We show that FcyRIIT
KO mice are resistant to L. mexicana infection, resolving lesions in association with a stronger gamma
interferon response, similar to IL-10 KO mice, with parasite control by 12 weeks. We found that the Leish-
mania-specific IgG response is unaltered in FcyRIII KO mice compared with that in wild-type controls. The
frequencies of IL-10 production from lymph node CD25* CD4™ T cells are the same in KO and wild-type mice,
and depletion of CD25" cells did not alter the course of infection, implying that T,., cells may not be the
mechanism for susceptibility to L. mexicana infection, unlike for L. major infection. However, IL-10 mRNA was
greatly diminished in the lesions of FcyRIII KO mice compared to that of B6 controls. Furthermore, macro-
phages from FcyRIII KO and FcRy KO mice have the same profound defect in IL-10 production induced by
IgG-opsonized amastigotes. We also found IL-10-dependent (major) and -independent (minor) inhibition of
IL-12 mediated by FcyRIII, as well as parasite-mediated inhibition of IL-12 and induction of IL-10, indepen-
dent of FcyR. Our data demonstrate a specific role for FcyRIII in suppressing protective immunity in L.

mexicana infection, likely through macrophage IL-10 production in the lesion.

The intracellular protozoan parasite Leishmania continues
to be a major cause of morbidity and mortality, with an esti-
mated worldwide prevalence of 12 million, with increases in
many areas in the world. Chronic forms of cutaneous disease
occur much more commonly with Latin American strains, such
as members of the Leishmania mexicana complex, than with
Old World species, such as Leishmania major. Understanding
why chronic lesions do not heal is important because drug
therapies are toxic and resistance to current treatments has
been increasing with species of Leishmania that cause cutane-
ous as well as visceral disease since the 1980s (12, 34, 35). In
addition, understanding the pathways by which immunoglob-
ulin G (IgG), through FcyR, can be detrimental could aid in
vaccine development by pointing the way toward approaches
that minimize these immunologic mechanisms.

Infection of C57BL/6 (B6) mice with L. mexicana results in
chronic disease mirroring human infection, with persistently
high parasite burdens and a failure to resolve the inflammatory
lesions. This chronic disease is not associated with an interleu-
kin-4 (IL-4)-driven Th2 response but rather is caused by sup-
pression of the protective immune response by the cytokine
IL-10 (6). We previously found that mice deficient in IL-10
control parasite numbers and resolve their lesions in associa-
tion with enhanced gamma interferon (IFN-y) production by T
cells (6). Mice lacking the common v chain of FcyRs also
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resolve L. mexicana lesions and control parasites similarly to
IL-10-deficient mice (6). Furthermore, macrophages, the most
abundant cell type in chronic L. mexicana lesions, secrete IL-10
in response to Leishmania amastigotes in an IgG-dependent
manner (6, 19). This suggests that macrophages, which, unlike
T cells, have FcyR on their surfaces, may be important in this
IL-10 pathway of susceptibility. FcRy knockout (KO) mice
lack the common vy signaling chain of FcyRI, -III, and -IV as
well as FcaRI and FceRI (11, 27). In addition, FcRy KO mice
may have immune defects due to a lack of or alteration in
FcRy-expressing T cells, which express FcRy (but not func-
tional FcyR) in place of the CD3( chain, as seen in human T
cells (21). In recent studies, conventional human FcRy™
CD3(*" T cells had higher IFN-y and IL-2 expression than
FcRy™ CD3{* T cells, which were functionally anergic and
may have regulatory properties (28). Thus, a deficiency of
FcRy might alter T-cell function directly, independent of ef-
fects on FcyR-expressing antigen-presenting cells (APCs).
To start to delineate which FcRy pathways are responsible
for the nonhealing phenotype, we examined L. mexicana in-
fection of FcyRIII KO mice. These mice resolved lesions and
controlled parasites as effectively as FcRy KO mice. This par-
asite control was associated with a stronger IFN-y response
than that seen in wild-type (WT) B6 mice. The IL-10 response
in lesions was much lower in FcyRIII KO mice than in infected
controls. We also found that bone marrow macrophages
(BMM®) from FcyRIII KO mice had a greatly diminished
IL-10 response to IgG-opsonized amastigotes indistinguishable
from that of FcRy KO macrophages. In summary, our data
indicate that mice lacking FcyRIII have a defect similar to that
of FcRy KO mice, demonstrating that FcyRIII is required for
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chronic disease from L. mexicana. The correlation of in vitro
macrophage data combined with our in vivo findings and the
lack of correlation between T-cell IL-10 and parasite control
support a direct role for macrophages in the suppressive IL-10
pathway. The decreased IL-10 responses in the lesions of in-
fected FcyRIIT KO mice greatly strengthen this hypothesis.

MATERIALS AND METHODS

Mice. B6 and B6 FcyRIII KO mice were purchased from Jackson Laboratory
(Bar Harbor, ME). FcRy KO mice were purchased from Taconic Farms (Ger-
mantown, NY). Courses of infection consisted of groups of five mice per exper-
iment. Female mice were purchased at 4 to 6 weeks and were age matched for
all experiments. Animals were maintained in a specific pathogen-free environ-
ment, and the animal colony was screened regularly, and tested negative, for the
presence of murine pathogens. Studies were reviewed and approved by the
IACUC, Biosafety, and R&D Committees of the VA Medical Center of Phila-
delphia.

CD25"* T-cell depletion. B6 mice were depleted of CD25" T cells by using
anti-CD25 (PC61) as published by others (3, 29). Mice were injected intraperi-
toneally (i.p.) with 0.5 mg of anti-CD25 (PC61) at —1 week, +2 weeks, and +5
weeks with respect to L. mexicana infection. PC61 was purified from ascites by
using protein G agarose (Harlan, Indianapolis, IN). Depletion of CD25™" cells
was confirmed by flow cytometry.

Parasites and antigens. L. mexicana (MNYC/BZ/62/M379) promastigotes
were grown at 27°C in Grace’s medium (pH 6.3; Life Technologies, Grand
Island, NY) supplemented with 20% heat-inactivated fetal bovine serum (FBS;
HyClone Labs, Logan, UT), 2 mM L-glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin. Stationary-phase promastigotes (day 7 of culture) were
washed three times in phosphate-buffered saline (PBS), and 5 X 10° parasites (in
50 pl PBS) were injected into the hind footpads of mice. Lesions were monitored
using a metric dial caliper, and lesion size was defined as footpad thickness in the
infected foot minus the thickness of the contralateral uninfected foot. Lesion-
derived amastigotes were obtained by grinding footpad lesions of mice chroni-
cally infected with L. mexicana. Axenic amastigotes, grown free of mammalian
cells, were prepared by placing L. mexicana stationary-phase promastigote cul-
tures (day 7) at 33°C for 3 days, with passage every 7 to 10 days at a 1/100 dilution
into acidic Grace’s medium (pH 5.5) supplemented as described above. Freeze-
thaw antigen (FTAg) was prepared from L. mexicana stationary-phase promas-
tigotes that were washed four times in PBS, resuspended at 10°/ml, and frozen
(—80°C) and thawed rapidly (37°C) for five cycles. FTAg was assayed for protein
content by the bicinchoninic acid method (Pierce, Rockford, IL), brought to 1
mg/ml protein, and aliquoted at —80°C. “Washed membranes” were prepared
from axenic amastigotes by hypotonic lysis as described for African trypano-
somes (24). Briefly, axenic amastigotes were washed in PBS and then hypoton-
ically lysed at 10°/ml in endotoxin-free water containing 0.1 mM N-tosyl-L-lysine-
chloromethyl ketone (TLCK; Sigma-Aldrich, St. Louis, MO) and 1 pg/ml
leupeptin (Sigma-Aldrich) for 5 min on ice. Then, an equal volume of 0.1 mM
TLCK, 1 pg/ml leupeptin, 20% glycerol was added and parasites were frozen at
—80°C. Thawed lysate was washed in PBS (6,100 X g, 10 min, 4°C) to remove
soluble proteins and protease inhibitors and resuspended at 10%/ml in PBS. This
lysate was assayed for protein content by bicinchoninic acid, brought to 1 mg/ml
protein, aliquoted, and stored at —80°C.

Cytokine assays. Single-cell suspensions were prepared from draining lymph
nodes (LNs), and 200-p1 samples (8 X 10° cells) were cultured in duplicate in
96-well tissue culture plates in Dulbecco’s modified Eagle’s medium (Mediatech,
Herndon, VA) supplemented with 10% heat-inactivated FBS, 25 mM HEPES
(pH 7.4), 50 uM 2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin. Cells were stimulated with 10 wg/ml (~107 cell equiv-
alents/ml) L. mexicana FTAg for 3 days at 37°C in a 5% CO, incubator, and
supernatants were assayed by an enzyme-linked immunosorbent assay (ELISA)
for IFN-vy and IL-4 as previously described (31) and for IL-10 by using commer-
cial antibodies as recommended by the manufacturer (BD Bioscience, San
Diego, CA). Cells from uninfected mice had no detectable IL-10, IL-4, or IFN-y
production with antigen stimulation in these experiments. Macrophage superna-
tants were assayed by ELISA using antibody pairs for IL-12p40 and IL-10 per the
manufacturer’s recommendations (BD Bioscience).

In vitro infection of BMM®. For BMM® preparation, bone marrow from the
femurs and tibias was lysed (5 min at room temperature in 5 ml of 144 mM
NH,CI, 17 mM Tris, pH 7.65) and washed, and cells (5 X 10° cells per petri dish)
were grown in 10 ml of complete macrophage medium (Dulbecco’s modified
Eagle’s medium containing 10% heat-inactivated FBS, 100 U/ml penicillin, 100
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pg/ml streptomycin, 2 mM glutamine, and 20% 1.929 cell-conditioned medium)
for 6 days, with an additional 10 ml of complete macrophage medium added on
day 3 (19, 38, 39). Macrophages were harvested by gentle scraping in cold PBS
(4°C), washed, and replated at 5 X 10°/ml in 24-well plates in 0.5 ml complete
macrophage medium lacking 1.929 cell-conditioned medium. After resting over-
night and being washed with fresh medium, cells were incubated with 0.5 ml
complete medium, and when included, lipopolysaccharide (LPS) from Esche-
richia coli 0111:LB4 (Sigma-Aldrich, St. Louis, MO) was added at 100 ng/ml.
Macrophages were infected at a 10:1 multiplicity of infection with axenic amas-
tigotes or axenic amastigotes opsonized for 30 min at 4°C with 50 pl of a dilution
of pooled B6 mouse serum from early infections with L. mexicana. Amastigotes
incubated with uninfected mouse serum yielded results identical to those for
unopsonized parasites in several experiments. In addition, purified IgG led to the
same effects as those seen with IgG-containing serum, demonstrating that com-
ponents of serum other than IgG were not required for the cytokine induction
seen. After 20 h, supernatants were collected, frozen at —20°C, and assayed later
for TL-10 and IL-12p40 by ELISA as described above. In addition, anti-IL-10R
(1B1.3a; a generous gift from DNAX) was added to some BMM® cultures at 6.3
pg/ml to block IL-10 uptake and degradation and block effects of IL-10; the
effect of anti-IL-10R saturated around 3.2 wg/ml, with identical IL-10 production
seen with a broad range of concentrations (3.2 to 30 pg/ml).

Flow cytometry. Mouse IgG on the surfaces of amastigotes was measured using
phycoerythrin (PE)-conjugated anti-mouse IgG1 (A85-1) and fluorescein iso-
thiocyanate-conjugated anti-mouse IgG2a/c (R19-15). Lesion-derived amasti-
gotes, but not untreated axenic amastigotes, had cell surface-associated IgG.
When axenic amastigotes were opsonized (4°C, 30 min in a 50-pl volume of
IgG-containing serum dilution), surface IgG was similar to that of lesion-derived
amastigotes. LN cells from infected mice were incubated with or without L.
mexicana FTAg for 3 days and then were stimulated with phorbol myristate
acetate (50 ng/ml), ionomycin (0.5 pg/ml), and brefeldin A (10 pg/ml) for 4 h,
followed by staining for CD3e (fluorescein isothiocyanate-145-2C11), CD8a
(peridinin chlorophyll protein-53-6.7), and CD25 (PE-PC61 5.3), fixing with 1%
formaldehyde, and staining for intracellular IL-10 (APC-JES5-16E3) with sapo-
nin (1%). We used CD3* CD8™ staining to determine CD4 cells because of the
downregulation of CD4 with antigen stimulation. Antibodies were from BD
Biosciences or Caltag (CD25), and flow cytometry was acquired and analyzed on
a FACSCalibur flow cytometer with CellQuest Pro software (BD Biosciences).
Representative fluorescence-activated cell sorting plots from groups of three to
five mice are shown.

Measurement of Leishmania-specific serum IgG. Sera from infected mice were
assayed for Leishmania-specific IgG1 and IgG2a/c by ELISA using FTAg or
axenic amastigote “washed membranes” for capture and biotin-conjugated anti-
mouse IgG1 and IgG2a/c (BD Biosciences) with peroxidase-conjugated strepta-
vidin (Jackson ImmunoResearch, West Grove, PA). IgG quantitation shows
means and standard errors of the means for five mice per group. Note that B6
mice actually have IgG2c (also referred to as the Ighl-b allele of IgG2a) rather
than IgG2a, found in many other mouse strains (18). However, IgG2a and IgG2c
appear to function interchangeably, and the ELISA reagents do not distinguish
these two isotypes, so the term IgG2a/c is used throughout the paper.

Parasite quantitation. Parasite quantitation was performed by limiting dilu-
tion as described previously for three to five mice per group (5). The limit of
detection was 25 parasites/lesion.

RNA isolation/qRT-PCR. At 12 weeks postinfection, mice were sacrificed and
the infected feet were harvested. The feet were immediately skinned, had the
toes removed, and were cut into small pieces, which were stored in 0.5 ml
RNAlater solution (Qiagen, CA) at 4°C. RNA was extracted from the lesions by
using a Tissuelyser (Qiagen) and RNA STAT-60 (Tel-Test Inc., TX), according
to the manufacturers’ instructions. A Superscript II reverse transcription-PCR
kit (Invitrogen, NY) was used to generate cDNA from RNA, using random
hexamer primers. Quantitative real-time PCR (qRT-PCR) was performed on
these cDNA preparations by using QuantiTect mouse IL-10, B-actin real-time
PCR primers (Qiagen), and an ABI Prism 7000 sequence detection system with
SYBR green PCR reagents (Bio-Rad, CA). The relative differences for IL-10
mRNA levels among samples were determined using the AAC; method (22).
Threshold cycle (Cy) values obtained from the qRT-PCR were converted to AC-
values by subtracting B-actin internal control values from the same samples, and
the mean of B6 control AC; values was subtracted from the individual FeyRIIT
KO and B6 AC values to obtain AAC;. The difference from the B6 control level
was calculated by using the formula 27 (AA€D),

Statistical analysis. Except where indicated, experiments were performed two
to four times and representative data are shown. A two-tailed, unequal-variance
Student ¢ test was used to compare means of lesion sizes, log parasite burdens,
and cytokine production from different groups of mice. Cytokine analysis by
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FIG. 1. FeyRIII KO mice control parasite numbers with an en-
hanced IFN-y response and resolve L. mexicana lesions. (A) FeyRIII
KO (KO) and C57BL/6 (B6) mice were infected in the right hind
footpad with 5 X 10° stationary-phase L. mexicana promastigotes, and
lesion size was monitored. Lesion sizes were different at 12 weeks and
thereafter (P < 0.05). (B) At the times indicated, lesion parasite
burdens from FcyRIII KO and B6 mice were determined by limiting
dilution. *, P < 0.01. At the indicated times postinfection, draining LN
cells were stimulated with FTAg for 3 days and supernatants were
assayed for IFN-y (C), IL-4 (D), and IL-10 (E). The IL-10 data rep-
resent pooled data from two experiments at 8 weeks and three at 17 to
23 weeks. No measurable cytokine was detectable with unstimulated
media controls. *, P = 0.02; #, P = 0.004.

ELISA or flow cytometry and serum IgG assays consisted of four or five mice per
group. In vitro BMM® experiments were performed in quadruplicate. For rel-
ative mRNA expression, AAC; values for B6 and FcyRIIT KO samples from
individual mice were compared by a Student ¢ test. Data are presented as
means * standard errors of the means, and differences were considered signif-
icant at P values of <0.05.

RESULTS

FeyRIII KO mice control parasite numbers and resolve L.
mexicana lesions. To determine the role of FcyRIII in L. mexi-
cana infection, we infected B6 FcyRIII KO and WT B6 mice
and followed the course of disease. Lesions developed similarly
in the two mouse strains for the first 9 weeks, but by 10 weeks
of infection FcyRIII KO mice began to heal their lesions (Fig.
1A). By 23 weeks postinfection, FeyRIII KO mice had nearly
resolved all lesions. Parasite loads were the same in KO and
WT mice for the first 8§ weeks of infection, but by 12 weeks
postinfection, FcyRIIT KO mice had controlled parasite num-
bers, with 4.3 logs fewer parasites than in control mice, with the
difference growing to 5.6 logs by 23 weeks (Fig. 1B). It is
important to note that parasite uptake is well preserved in
FcyRIII KO (Fig. 1B), FcRy KO (6), and B2-microglobulin
KO (6) mice (that have undetectable IgG), as all of these mice
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have parasite burdens comparable to or higher than those of
B6 mice early in infection and have low parasite burdens only
once the Thl response is initiated. Thus, resolution of disease
is not simply due to loss of FcyR/immune complex-mediated
parasite uptake as originally proposed (20).

FcyRIII KO mice have a stronger IFN-y response. We next
determined if the control of parasites was associated with a
stronger IFN-y response, as seen with FcRy KO and IL-10 KO
mice (6). We found that the draining LN cells from L. mexi-
cana-infected FeyRIIT KO mice produced 2.6-fold and 4-fold
more IFN-y than those from infected B6 mice when restimu-
lated in vitro with FTAg from L. mexicana at 8 and 17 weeks
postinfection, respectively (Fig. 1C). IL-4 responses at 8 and 23
weeks were very low (<1 U/ml) and not different for KO and
WT mice (Fig. 1D).

T-cell IL-10 does not correlate with lesion resolution. We
next examined IL-10 production from draining LN cells from
L. mexicana-infected FcyRIII KO and B6 mice. We found that
IL-10 production from B6 LN cells was quite low upon re-
stimulation with antigen and that FcyRIII KO cells had no
clear defect (Fig. 1E). Because of the low levels seen, we also
examined IL-10 by flow cytometry. Reports of the role of
CD25" CD4" T cells in L. major persistence (3) led us to
examine whether IL-10 from these cells could explain chronic
disease with L. mexicana. We found that nearly all (92%) of
the IL-10 from restimulated LN cells from both WT and
FeyRIII KO mice came from T cells, and the vast majority
(82%) of IL-10 from CD4" T cells came from CD25" CD4™"
cells (a population that includes T,., cells). At 8 weeks of
infection, the percentages of CD25" CD4™ T cells producing
IL-10 were not different in FeyRIII KO and B6 mice, with
7.9% =+ 0.9% and 8.3% *+ 1.5%, respectively (P = 0.82) (Fig.
2A). Data from 12 and 23 weeks were comparable (data not
shown). This demonstrates that IL-10 production from LN T
cells, and in particular IL-10 from CD25% CD4™" T cells, is not
found to correlate with susceptibility, parasite burdens, and the
strength of the IFN-y response when FcyRIII KO and B6 mice
are compared.

Depletion of CD25™ T cells does not alter the course of L.
mexicana infection. Because depletion of CD25" CD4™ T cells
can lead to healing of L. major infection in BALB/c mice (3),
we tested whether depletion of CD25™ T, cells would induce
resistance to L. mexicana infection of B6 mice. Mice were
injected i.p. with anti-CD25 at —1 week, +2 weeks, and +5
weeks with respect to infection with L. mexicana. We did not
see any alteration in the course of infection (Fig. 2B), parasite
burdens (Fig. 2C), or immune responses (Fig. 2D and E),
despite depletion of CD25™ cells, which include T, cells and
some effector T cells. Depletion was confirmed by flow cytom-
etry, with 96 to 100% depletion occurring when assessed at 1
week after antibody administration (Fig. 2F). Thus, consistent
with our findings that resistant FcyRIII KO mice do not have
a lower frequency of IL-10 from T cells, CD25" T, -cell de-
pletion did not lead to healing in B6 mice.

We did not find, as did Ji et al. (16) with Leishmania ama-
zonensis infection, that depletion of CD25" cells had a bene-
ficial effect on host resistance; however, the role of IL-10 in L.
amazonensis infection is clearly different from that in L. mexi-
cana infection, as L. amazonensis-infected IL-10 KO mice do
not heal (17).



626 THOMAS AND BUXBAUM

FeyRIII KO
A Y.
@]
-4
<
=
b
[
o
CD25 PE CD25 PE
B Cz 15
P M rat IgG £ M rat IgG
E Jorcer s O Pc6l
~— @
S Z
w St
<
£ & °
R 3
0 = 0
0 5 10 15 20
weeks
D E
0.8 3.0
= 4 HEratlgG 4 W rat IgG
% 0.6 OPce61 = 22— 0OPc61
2 ] S
= 04— (-4 -
= 04 3 1.5
£ 02 =
0.0
media FTAg media FTAg
stimulation stimulation
F isotype ctrl rat IgG

CD25 PE

CD25 PE

FIG. 2. T-cell IL-10 does not correlate with lesion resolution in
FeyRIII KO mice and depletion of CD25" T cells does not alter
chronic disease. (A) LN cells from FcyRIII KO and B6 mice infected
for 8 weeks were stimulated with FTAg for 3 days and phorbol myris-
tate acetate-ionomycin-brefeldin A for 4 h before surface staining and
intracellular IL-10 staining. Cells were gated as live CD3" CD8" and
stained for CD25 and IL-10. The numbers shown in the upper right are
percentages of CD25" CD4™ cells that are IL-10-positive. CD25" T
cells were depleted using anti-CD25 antibody (PC61) administered i.p.
at 1 week before and at 2 weeks and 5 weeks after infection with
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IgG1 and IgG2a/c by ELISA, using FTAg as a capture reagent.
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Anti-Leishmania 1gG responses of FcyRIII KO and B6 mice
do not differ. IL-4 can drive isotype class switching to IgG1,
and IFN-y can drive switching to IgG2a (4, 33). It would
therefore be expected that the stronger [IFN-y response seen in
FeyRIIT KO mice would lead to a stronger IgG2a/c response
and perhaps a weaker IgG1 response as well. Contrary to this
expectation, we found that the IgG1 and IgG2a/c responses of
B6 and FcyRIII KO mice against L. mexicana were essentially
identical, both early (8 weeks), when IgG1 predominates, and
late (23 weeks) in infection, when both IgG2a/c and IgG1 are
present (Fig. 3). Parasite-specific IgG2a/c and IgG1 were un-
detectable at 4 weeks in both B6 and FcyRIII KO mice (data
not shown). These data suggest that to a great extent, the
IgG2a/c response is IFN-y independent in this infection and
that the IgG response may in fact help to determine the IFN-y
cytokine response. In this model, IgG, which takes >4 weeks to
develop, induces IL-10, which in turn decreases the IFN-y
response and leads to chronic disease; when this pathway is
blocked either by a lack of FcyR or by IL-10 itself, Thl-
mediated healing occurs instead (see Fig. 4).

L. mexicana. Control mice received rat IgG on the same schedule. (B)
Lesion size was monitored as in Fig. 1. (C) Lesion parasite burdens
were determined at 18 weeks of infection by limiting dilution. At the
indicated times postinfection, PC61 treated and control mice had
draining LN cells stimulated with FTAg for 3 days and supernatants
were assayed for IFN-y (D) and IL-4 (E). At the time of infection, 1
week after PC61 injection, white blood cells from peripheral blood
were isolated and stained for CD25 and analyzed by flow cytometry
(F). Isotype control staining and samples from PC61-treated and rat
IgG-treated mice are shown, with the mean percentages of CD25"
cells of gated lymphocytes in the upper right corners; plots were gated
for lymphocytes and plotted as forward scatter versus CD25 PE. The
percentage of CD25™ cells was significantly greater (P < 0.002) in rat
IgG controls than in PC61-treated mice.
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FIG. 4. Model for IgG-FcyR induction of chronic Leishmania dis-
ease through IL-10. B cells secrete anti-Leishmania 1gG, which binds
to amastigotes forming immune complexes. 1gG-Leishmania com-
plexes bind to FcyR on macrophages (M®) inducing IL-10. IL-10 has
many effects, including direct downregulation of iNOS, with decreased
NO-mediated killing of Leishmania and decreased IL-12 secretion by
APCs, as well as decreased antigen presentation through major histo-
compatibility class II (MHC II) and B7 expression, which combine to
decrease Thl development and IFN-y. The decrease in IFN-y also
leads to lower iNOS and lower NO-mediated parasite killing. T, cells
may also be stimulated by macrophage I1L-10 or other factors to con-
tribute their own IL-10, although our data do not directly support this.
DC, dendritic cells; TCR, T-cell receptor.

Macrophages from FcyRIII KO and FcRy KO mice have a
defect in IL-10 production in response to opsonized parasites.
We and others have shown previously that LPS-stimulated
macrophages secrete IL-10 in response to IgG-opsonized
Leishmania amastigotes (6, 19). In addition, macrophages
from FcRy KO mice have a defect in immune complex-in-
duced IL-10 production (19). However, with sheep erythro-
cytes and rabbit antisera, it was proposed that FcyRI was the
main FcyR responsible for macrophage IL-10 production
rather than FcyRIII (36). This is in conflict with our in vivo
findings, if indeed macrophage FcyR-induced IL-10 is the
mechanism for the development of chronic disease in L. mexi-
cana infection. Having demonstrated that FcyRIIT KO mice
resolve lesions, control parasite numbers, and produce an
IFN-y response very similarly to FcRy KO mice, we next
wished to determine if macrophages from these mice behave in
similar manners in terms of opsonized parasite-induced IL-10
production. BMM® from FcyRIII KO, FcRy KO, and B6
control mice were stimulated with LPS and infected with un-
opsonized amastigotes or IgG-opsonized amastigotes (opso-
nized with serum from L. mexicana-infected mice). Whereas
BMM® from B6 mice stimulated with LPS and opsonized
parasites produced large amounts of IL-10, FcyRIII KO and
FcRy KO macrophages had a defect in IL-10 production under
these conditions (fourfold less IL-10) (Fig. SA). The levels of
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FIG. 5. FeyRIII KO and FcRy KO macrophages have a defect in
IL-10 production in response to opsonized parasites. BMM® were
prepared from B6, FcyRIII KO, and FcRy KO mice and incubated
with media alone, LPS, unopsonized axenic amastigotes (AA), AA
with LPS (AA/LPS), or AA opsonized with serum from L. mexicana-
infected mice with LPS (opsAA/LPS) for 20 h, and IL-10 was mea-
sured in the supernatants by ELISA. BMM® were incubated without
(A) or with (B) anti-IL-10R to block IL-10 uptake and signaling. P was
<0.01 for B6 BMM® incubated with opsAA/LPS and all other groups
and for all macrophage types incubated with AA/LPS compared to the
same macrophage type incubated with media, LPS, or AA alone.
Opsonized parasites generate amounts of IL-10 similar to those from
unopsonized parasites when LPS is not present.

IL-10 from FeyRIII KO and FcRy KO macrophages stimu-
lated with IgG-opsonized parasites and LPS were the same as
those seen with unopsonized parasites plus LPS, indicating
that the two types of FcyR-deficient macrophages do not show
any increase in IL-10 due to the presence of IgG on the par-
asites, at least under these experimental conditions. We also
saw a modest but reproducible induction of IL-10 from mac-
rophages stimulated with LPS and infected with unopsonized
L. mexicana amastigotes. This occurred with B6, FcyRIIT KO,
and FcRy KO macrophages and without opsonization, so this
pathway of IL-10 induction is not FcyR mediated. Note that
opsonization with sera from uninfected mice did not induce
IL-10, and purified IgG worked as well as IgG-containing se-
rum, demonstrating that this is an IgG effect (data not shown).

Because IL-10 can be consumed in cultures, leading to less
reliable results from ELISA, we also incubated BMM® in the
presence of anti-IL-10R and found essentially the same results
except that IL-10 levels were 2.6-fold higher (Fig. 5B). In these
experiments (Fig. 5A and B), serum from early infection that
contained IgG1 but no detectable IgG2a/c was used and the
presence of parasite surface-associated antibodies was con-
firmed by flow cytometry (data not shown). These data indicate
that FcyRIII is responsible for essentially all of the immune
complex-induced IL-10 from our BMM®, implying that the
defect seen in FcRy KO BMM® may be explained fully by a



628 THOMAS AND BUXBAUM

A 14
= 12 M B6
g O FeyRII KO
£ 8 B FcRy KO
~ 6
iy
a4
= 2
0
= 2 3 2 ¢
HEEE
<
< <«
w
(=3
=
B 120
E‘IOO—_ o B6
= 80 O FeyRIIT KO
E 60 E FcRy KO
= ]
40
= 0] Iﬂ.ﬁﬂ
0 T T T

media

LPS

AA
AA/LPS
opsAA/LPS

FIG. 6. IL-12 production is inhibited by IL-10, parasite infection,
and immune complexes. The supernatants shown in Fig. 5 without
(A) or with (B) anti-IL-10R were analyzed for the presence of IL-12 by
ELISA. P was <0.02 for LPS versus other conditions for B6, FcRy KO,
and FcyRIII KO cells and axenic amastigotes with LPS (AA/LPS)
versus opsonized AA with LPS (opsAA/LPS) for B6 cells.

defect in FcyRIII rather than other FcRs found on macro-
phages. This is consistent with the in vivo data shown above.

IL-12 production is inhibited by IL-10, by parasite infection,
and by parasite immune complexes. IgG-amastigote immune
complexes can induce IL-10 from macrophages. This IL-10 is
known to have many immunosuppressive effects, including
suppression of IL-12 secretion. In vivo, we have shown that
IL-12 KO mice have the same immune response and chronic
disease as that seen in B6 mice but that anti-IL-12 abrogates
the disease resolution in IL-10 KO mice (6). This implies that
IL-12 drives healing in IL-10 KO mice but is unable to do this
in B6 mice because of the presence of IL-10. We therefore
examined the role that paracrine/autocrine IL-10 might have
on macrophage production of IL-12. It has been shown that
supernatants of L. major amastigote-infected BMM® can in-
hibit the production of IL-12 induced by IFN-y plus LPS and
that this is completely abolished by blockade of IL-10 action by
anti-IL-10R (19). We found that LPS induced substantial
amounts of IL-12 from B6, FcyRIII KO, and FcRy KO mac-
rophages (Fig. 6A), as expected. Infection with unopsonized
amastigotes diminished the LPS-induced IL-12 significantly in
WT and both types of KO cells, showing once again that
Leishmania infection diminishes macrophage IL-12 produc-
tion. Infection with IgG-opsonized amastigotes further dimin-
ished IL-12 production in B6 but not FcyRIII KO macro-
phages, showing that the majority of FcyR effects are mediated
through FcyRIII under these conditions. The negative corre-
lation of IL-10 and IL-12 is shown in Fig. 7A. We next exam-
ined IL-12 production in the presence of blockade of IL-10R to
determine if the drop in IL-12 is solely mediated by IL-10.
When IL-10R was blocked, there was a >10-fold increase in
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FIG. 7. Amastigotes and opsonized amastigotes inhibit LPS-in-
duced IL-12 and potentiate production of IL-10 in a reciprocal manner
even with an IL-10R blockade. IL-10 and IL-12 were correlated from
supernatants of B6 BMM® stimulated with LPS alone, axenic amas-
tigotes and LPS (AA/LPS), opsonized axenic amastigotes and LPS
(opsAA/LPS), and media alone in the absence (A) or presence (B) of
anti-IL-10R monoclonal antibodies (data from Fig. 5 and 6).

LPS-induced IL-12, demonstrating that even the small amount
of IL-10 induced by LPS stimulation (without parasites) de-
creases IL-12 production significantly (P < 0.006; note scale
difference between Fig. 6A and B). This was seen in B6,
FeyRIII KO, and FcRy KO macrophages. Even in the absence
of IL-10 signaling, amastigote infection decreased LPS-in-
duced IL-12 production in B6 and KO macrophages (two- to
fourfold decreases) (Fig. 6B). Infection with opsonized amas-
tigotes further decreased IL-12 production in B6 but not
FcyRIIT KO or FcRy macrophages. These data suggest that
IL-10 has a strong inhibitory affect on IL-12 production from
macrophages but that there are IL-10-independent IL-12 sup-
pression pathways mediated by parasite infection and by FcyR
engagement. To rule out the possibility that the IL-10-inde-
pendent effects were due to insufficient blockade of IL-10R, we
added twofold less and up to fivefold more anti-IL-10R and
obtained essentially identical results (data not shown). There is
a strong inverse correlation between IL-10 and IL-12 levels
even in the absence of IL-10 signaling (Fig. 7B) that is similar
to the data in the presence of IL-10 signaling (Fig. 7A). Thus,
opsonized parasites binding to FcyRIII suppress IL-12 produc-
tion from macrophages through IL-10 and by an IL-10-inde-
pendent pathway.

IL-10 expression is diminished in lesions of L. mexicana-
infected FcyRIII KO mice compared with control levels. As
shown above, T-cell and CD25% CD4" T-cell IL-10 from the
draining LNs do not correlate with resistance to L. mexicana
infection in FcyRIII KO mice. Furthermore, macrophages
from FcyRIII KO mice secrete less IL-10 in response to IgG-
Leishmania immune complexes. We therefore decided to ex-
amine IL-10 expression from lesions, as the site of infection
contains an abundance of macrophages that are likely to have
an effect on the disease progression. When IL-10 mRNAs from
L. mexicana-infected lesions of FcyRIII KO and B6 mice were
compared, we found that the KO lesions had 7.5-fold less
expression at 12 weeks of infection (Fig. 8). As macrophages
are very abundant in L. mexicana lesions, whereas T cells are
not (data not shown), this supports a role for IgG-FcyR in-
duction of IL-10 from macrophages as a crucial factor in sus-
ceptibility to L. mexicana infection.
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FIG. 8. IL-10 expression is diminished in FcyRIII KO lesions com-
pared with control levels. Lesions from FcyRIII KO (KO) and B6
(WT) mice were analyzed for IL-10 expression by qRT-PCR at 12
weeks of infection as described in Materials and Methods. Relative
expression of IL-10 in KO animals was normalized to WT levels. *,
P < 0.05.

DISCUSSION

We previously demonstrated that FcRy was required for
chronic disease in B6 mice caused by the intracellular proto-
zoan parasite L. mexicana. The common vy signaling chain is
shared by and required for proper expression and function of
the activating FcyRs that contain immunoreceptor tyrosine-
based activation motifs, namely, FcyRI, -III, and -1V, as well as
FcaRI and FceRI. It is therefore possible that defects in any of
these FcRs might abrogate the suppressive IL-10 pathway seen
in L. mexicana infection of B6 mice. Initial analysis pointed to
a role for FcyRI in macrophage IL-10 production. However,
this work was performed with sheep erythrocytes and rabbit
antisera and isotype differences in binding to various mouse
FcyRs may have skewed these data (36). FcyRI is a high-
affinity receptor that binds monomeric (uncomplexed) IgG2a/c
as well as immune complexes. It might therefore be less likely
that FcyRI would be the main FcyR in an infection in which
IgG1 predominates at the time when a transition to chronic
disease occurs. IgG1, but not IgG2a/c, is present at 8 to 10
weeks, at this transition to chronic disease (see the present
studies and reference 6). The specificities of FcyR for different
IgG isotypes vary, and particular isotypes have been shown to
be important in various disease processes. For instance, mac-
rophages from FcyRIII KO mice have an in vitro defect in
phagocytosis of IgGl-coated erythrocytes but not IgG2a-
coated erythrocytes (13); FcyRIII KO mice are also less sus-
ceptible to IgG1-mediated autoimmune hemolytic anemia and
other IgG1-mediated phenomena in vivo (14, 25). By using a
panel of IgG molecules that have the same antigen combining
site but different isotypes, it has been shown that hemolytic
anemia is specifically mediated through FcyRIII and IgG1 (9).
In addition, neutrophil infiltration, as well as secretion of some
macrophage cytokines, is mediated by IgG1-antigen complexes
and FcyRIII (37). Thus, it is reasonable to suspect that IgG1-
containing immune complexes can be mediated by FcyRIII-
dependent pathways.

We have now shown in vivo that FcyRIII KO mice have a
resistant phenotype very similar to that of FcRy KO mice.
Furthermore, in vitro, macrophages from FcyRIII KO and
FcRy KO mice have similar defects in IL-10 production in-
duced by IgG-amastigote immune complexes. In fact, all of the
IL-10 attributable to immune complexes is abrogated in
FeyRIII KO BMM® (Fig. 5). It may be that the lack of
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FeyRIII completely explains the defect in IL-10 production in
FcRy KO macrophages and the resistant phenotype to L.
mexicana infection seen in these mice, although we cannot yet
rule out the possibility that FcyRI, FcyRIII, and FcyRIV are
all required for chronic disease in vivo.

We found that IL-10 had a very strong inhibitory effect on
LPS-induced IL-12 production by macrophages in vitro, even
at the low levels found in the absence of immune complex
stimulation (90% decrease). However, immune complexes also
exert an inhibition on IL-12 production in the absence of IL-10
signaling (Fig. 7B). We titrated anti-IL-10R to be sure that we
did not have incomplete blockade of this receptor. In addition,
similar IL-12 results were obtained with IL-10 KO BMM® and
with B6 cells treated with anti-IL-10R (data not shown). Thus,
FcyRs exert their effects through IL-10-dependent and -inde-
pendent pathways. This may explain why the phenotypes of
FcRy and FcyRIIT KO mice are somewhat stronger than that
seen in IL-10 KO mice, with somewhat lower parasite burdens
late in infection (see current studies and reference 6). Leish-
mania infection of macrophages induces phosphatidylinositol
3-kinase (PI3-kinase) activity (30), as does FcyR ligation (8,
15). PI3-kinase has been shown to downregulate IL-12 produc-
tion, and BALB/c PI3-kinase p85 KO mice are resistant to L.
major (10). Thus, PI3-kinase may be a potential mechanism by
which FcyR ligation downregulates IL-12 independent of IL-
10. There also appears to be a parasite-induced FcyR-inde-
pendent increase in IL-10 (in the absence of IgG) as well as a
parasite-induced IL-10-independent and FcyR-independent
inhibition of IL-12, both of which will require further study.

FcyRIII is critical for chronic disease, likely through IL-10
induction but perhaps through other pathways that can sup-
press IL-12. We previously showed that, whereas IL-12p40 KO
mice still had chronic disease with L. mexicana infection,
blockade of IL-12p40 in IL-10 KO mice abrogated lesion res-
olution, indicating that IL-10 is responsible for blocking an
IL-12-dependent healing immune response (6). Here, we
found that FeyRIIT ligation induced IL-10-dependent and -in-
dependent suppression of IL-12.

IL-10 KO mice are resistant to L. mexicana infection (6).
The source of this IL-10 is not yet determined. IL-10 from
CD25" CD4" T,,, cells is crucial in susceptibility of BALB/c
mice to L. major and in persistence of low levels of parasites in
B6 mice as well (3). Whereas T cells do not have functional
FcyR, some FcRy-expressing T cells in mice may express FcRy
in place of the CD3{ chain, as seen in human T cells (21). We
therefore examined whether T-cell IL-10 is responsible for
chronic disease in our system. The levels of IL-10 production
from LN cells were low and did not show a defect in FcyRIII
KO mice. We found that the frequencies of IL-10 production
from CD25" CD4" cells (which includes most T, cells) are
the same from WT and FcyRIII KO mice (Fig. 2A), despite
the fact that KO mice resolve lesions rather than having
chronic disease. Thus, there is not a clear negative correlation
between CD25" CD4™" T-cell IL-10 or even T-cell IL-10 and
healing, suggesting that the relevant source of IL-10 lacking in
IL-10 KO mice is not LN T cells. It is always possible that recall
responses do not represent in vivo IL-10 responses, although
they have been used in many systems, including ours, as a good
surrogate marker. Furthermore, we did not see any effect on
the course of infection, parasite loads, or immune responses
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when CD25™ T cells were depleted in vivo. Importantly, we
verified that the CD25 depletion was successful despite a lack
of any alteration in the course of infection. The facts that the
vast majority of IL-10 from LN CD4" T cells came from
CD257 cells and that T-cell IL-10 in general did not correlate
with resistance in FcyRIII KO mice argue against a role for
IL-10 from the recently described CD4" CD25~ Foxp3™ T,
cells, which are important in chronic lesions caused by a par-
ticular strain of L. major in B6 mice (1). In addition, we cannot
attribute disease resolution in FcRy KO mice (6) exclusively to
a lack of or dysfunction of FcRwy-expressing T cells, because
FcyRIII KO mice, which also heal, do have FcRy. The more
straightforward explanation is that IL-10 production in lesions,
where macrophages are abundant and lymphocytes are rare,
may more closely match parasite control and lesion resolution.
In fact, we found that lesion expression of IL-10 mRNA was
7.5-fold lower in FcyRIII KO mice than in B6 controls. Our
work supports the growing evidence for a role for macrophages
in the suppressive IL-10 pathway rather than T, cells, as
demonstrated for L. major infection (1-3). Miles et al. have
similarly shown the importance of IgG and IL-10 in infection
of BALB/c mice with L. major (26), calling into question
whether T, cells are the only determining factor in healing of
cutaneous leishmaniasis even in L. major infection, although
an important interaction between macrophage IL-10 and T,,
cells (perhaps through effector molecules other than IL-10)
cannot yet be ruled out.

In early studies of Leishmania infection, IgG2a and IgG1
responses were examined as a measure of Th1/Th2 immune
responses. It is known that cytokines can influence the IgG
isotype distribution in many immunologic systems. For in-
stance, in L. major infection, healing B6 mice generate strong
IgG2a/c responses, whereas nonhealing BALB/c mice have
strong IgG1 responses (32). It has been shown that IFN-y can
drive class switching to IgG2a/c and IL-4 can drive class switch-
ing to IgG1 and IgE (4, 33); thus, IFN-y drives Thl-type IgG
responses and IL-4 drives Th2-type responses. However,
1gG2a/c responses to Trypanosoma cruzi, Toxoplasma gondii,
and lactate dehydrogenase-elevating virus infections can occur
in the absence of IFN-y (23). In one instance, it was found that
CD40 can drive IgG2a responses in the absence of IFN-y (7).
Furthermore, in L. mexicana infection of B6 mice, parasite-
specific IgG1 occurs early despite a very low IL-4 response. In
the present study, we found that despite an enhanced IFN-y
response in FcyRIIT KO mice, the IgG1 and IgG2a/c responses
were completely unaltered from those in infected B6 mice (Fig.
3). This argues that in L. mexicana infection, the IgG isotype
profile is not merely a consequence of cytokines such as IFN-y
and IL-4, but in fact, determination of the IgG response may
occur earlier than the cytokine response. This is consistent with
our hypothesis that IgG-amastigote immune complexes drive
an IL-10 response, which in turn blocks the development of a
protective Thl response and inducible nitric oxide synthase
(INOS) expression needed to kill parasites (model in Fig. 4).
The data shown here indicate that the increased IFN-vy re-
sponse in FcyRIII KO mice (seen at 8 weeks) precedes the
drop in parasite load (seen at 12 weeks but not 8 weeks). In any
case, the differences in IFN-y between resistant FcyRIIT KO
mice and susceptible B6 mice were not reflected in the IgG2a/c
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responses, indicating that IgG2a/c levels were not driven by
IFN-vy levels.

In summary, we have shown that FcyRIII deficiency mirrors
deficiency in FcRry, both in vivo and in macrophage cultures, at
least with IgG1-rich serum opsonization (from early L. mexi-
cana infection), suggesting that FcyRIII plays a critical role in
chronic disease and may fully explain the resistance seen in
FcRy KO mice. These data also argue against an important
role for FcRy directly in T cells in L. mexicana infection, as
FcyRIII KO mice are not deficient in FcR+y but are also resis-
tant to this parasite infection. Furthermore, the kinetics of
lesion resolution in FcyR KO and IL-10 KO mice correlate
with the appearance of the IgG1 response against parasite
antigens (present at 8 to 10 weeks of infection and absent at 3
to 4 weeks) (6), making plausible the argument that chronic
disease is initiated by IgG responses through FcyR-induced
IL-10. Furthermore, the fact that the IgG responses in FcyRIII
KO and B6 mice appear identical, despite the difference in
IFN-y responses and parasite control, supports a model by
which the developing IgG response may in turn shape the
cytokine response, in addition to the opposite, perhaps because
L. mexicana infection is such a slowly developing process. We
have also shown that the frequency of IL-10-producing T cells
is not more pronounced in WT mice than in FcyRIII KO mice
and that depletion of CD25" T cells does not lead to resistance
to L. mexicana, also suggesting a pivotal role for cells such as
macrophages rather than or in addition to T, cells in deter-
mining the chronic disease picture seen with L. mexicana in-
fection. The decrease in IL-10 in lesions in mice lacking
FeyRIII (Fig. 8) further supports this model, as macrophages,
but not T cells, are abundant in L. mexicana lesions.
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